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High-Pressure Electrochemical Oxidation of

Benzene at a Lead Dioxide Electrode in Aqueous
Bisulfate Solutions at 250 to 2500C

William M. Flarsheim and Keith P. Johnston
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Allen J. Bard

Department of Chemistry, University of Texas, Austin, Texas 78712

Abstract

The oxidation of benzene at a lead dioxide electrode which produces predominantly

benzoquinone, maleic acid, and carbon dioxide, has been investigated in aqueous NaHSO 4

solutions as a function of temperature up to 250°C. An increase in the benzene

concentration does not increase the concentration of benzoquinone formed at high

temperature, which is different from the behavior at 25"C. The formation of biphenyl at

high temperature was also discovered. A novel type of single-pass flow reactor for

studying high temperature electrochemistry is described.
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Introduction

The oxidation of benzene to benzoquinone at a lead dioxide electrode in aqueous

sulfate solutions is limited by the low solubility of benzene in water. Clarke et al have

determined a reaction order with respect to benzene of 2.1 Benzene solubility in water

increases significantly with increasing temperature; the two fluids become miscibie at 297"C

at a pressure of 243 bar.2 This study examines the effect of increasing temperature, and

increasing benzene concentration, on the electrochemical oxidation of benzene on lead

dioxide in the temperature range 250 to 2500C.

Supercritical water has a combination of low dielectric constant and high dipole

moment that make it useful for a number of novel chemical applications. Water has a

dipole moment of 1.84 debye, and at ambient conditions it is extensively hydrogen bonded.

This gives rise to a high dielectric constant, 78 at 25'C, making water an excellent solvent

for ions and a poor one for non-polar species. High temperature disrupts the hydrogen

bonding and correlated orientation of water molecules 3 and decreases the density, and

thereby lowers the dielectric constant to 5.2 at the critical point (3741C, 221 bar).4

Because of the low dielectric constant, water in the critical region is an excellent solvent for

organic molecules. The water dipoles still orient in the vicinity of an ion however, and

produce a locally high dielectric constant, so strong electrolytes remain dissolved and

dissociated in supercritical water. The simultaneous solvation of both polar and non-polar

molecules makes supercritical water a powerful solvent. The MODAR process takes

advantage of this superior solvent power in using supercritical water as a reaction medium

for the destructive oxidation of organic waste.5 Other workers have investigated the use of

supercritical water at milder conditions to clean and liquify coal, 6 and to hydrolyze plant

material into useful fuels.7

In a previous paper, we described electroanalytical measurements made in

supercritical water at temperatures up to 3900C.8 An elecrochemical cell was developed to
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operate at the extreme temperature and pressure of supercritical water. In addition, the

voltamnmetric behavior of water, KBr, KI, and hydroquinone was studied, and the

diffusion coefficients of I- and hydroquinone were measured. Building on this

experimental background, the present work is an expansion into the area of high-

temperature electro-organic synthesis, specifically benzene oxidation. In supercritical

water, high concentrations of non-polar materials can be combined with strong electrolytes

in a one-phase system, and this presents the possibility of synthetic routes that are not

hindered by mass transfer across a phase boundary. Although temperatures above 250'C

are not reported here, the apparatus and experimental procedures described could be used

up to 375°C with only minor modification.

The electrochemical oxidation of benzene was first studied near the end of the last

century, 9 and has been discussed frequently in the literature.1 ,10 -14 Work through 1976

has been summarized by Clarke et al.1 The desired product from the oxidation is

benzoquinone, which can then be reduced to hydroquinone. Hydroquinone is used as an

anti-oxidant in the manufacture of rubber and other products. Other major products from

the oxidation are maleic acid and carbon dioxide.

The specific overall electrode reactions involved in oxidizing benzene are shown in

Figure 1. The complete conversion of benzene to carbon dioxide requires the removal of

30 electrons, and the participation of 12 water molecules. This full oxidation can occur

readily at a platinum electrode. 15 Lead dioxide is the only reported electrode material that

produces large quantities of benzoquinone or maleic acid. A lead dioxide electrode will

perform the first stage oxidation to benzoquinone readily in acidic sulfate media, however

the yield and current efficiency vary greatly depending on the specific conditions of

electrolysis. As the concentration of benzoquinone builds in the solution, the

benzoquinone is usually oxidized further to maleic acid, accompanied by two moles of

carbon dioxide. Clarke et all report that at very low over voltage, the benzoquinone is not

oxidized further. The one-step oxidation of benzene to maleic acid was studied extensively
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by Ito et al.13 This pathway is important under most reaction conditions. Few previous

workers analyzed the carbon dioxide generated during oxidation, and no one has discussed

the pathway by which it is formed. This study shows that single-step oxidation of benzene

to carbon dioxide can occur on lead dioxide, especially at high temperature. (The term

single-step is used here to mean that once benzoquinone or maleic acid is formed and

desorbed from the electrode, they are not further oxidized. No doubt, the oxidation of

benzene adsorbed on the electrode involves many elementary steps. This work however, is

only concerned with the net result of each encounter between a benzene molecule and the

electrode.)

This wori differs from previous studies of benzene oxidation in that a single-pass

flow reactor is used instead of a stirred tank and the temperature range is much larger. 12 ,13

The reactant volume used in these previous studies was relatively large, e.g. 90 to 1500

cm 3, so long runs were necessary to build-up measurable quantities of product. The

products in solution were continually exposed to further oxidation. In the present

apparatus, the residence time of the electrolyte in the electrode region is about 2 seconds.

The electrode area is large enough so that measurable conversion is achieved in a single

pass. Products from the initial oxidation are quickly removed from the electrode with little

opportunity to be readsorbed and undergo further oxidation. Thus, analysis of the results

is somewhat simplified, since the products are probably formed predominantly by single-

step oxidation of benzene; only three of the six reactions shown in Figure 1 need be

considered.

Experimental

Apparatus. The experiments were performed in a high-temperature and -pressure,

two-electrode flow cell (Figure 2). The cell body is a 0.635-cm (1/4 in.)-o.d. by 0.318-cm

(1/8 in.)-i.d., 30-cm (12 in.)-long alumina tube (99.8% A12 0 3). A12 0 3 was chosen to

avoid corrosion and spurious electric fields within the cell. The tube is connected to the
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endblocks using stainless steel Swagelok fittings with Teflon ferrules. The electrode leads

pass through Teflon compression fittings, which have been described previously. 8 All it

metal parts are either 316 stainless steel or Hastelloy Alloy C.

The complete experimental system, including the pump and feed vessels, is shown

schematically in Figure 3. The cell is fed from the saturator, a one-liter Autoclave

Engineers' stirred tank reactor. The saturator can be heated to 200°C in order to increase

the concentration of benzene in the feed. The flow is controlled by a Milton Roy Minipump

(Model 2396), which provides fresh electrolyte to the saturator.

Electrodes. The working electrode was constructed by welding a 1-cm piece of

platinum onto a tantalum wire. The platinum was welded to and wrapped with 0.05-cm

thick lead foil (99.9995 % Pb from AESAR division of Johnson Matthey), so that the

platinum wps completely covered. The lead was sealed and trimmed with a soldering iron.

The resulting electrode was 1.8-cm long, 0.3-cm wide, and 0.15-cm thick. Before use the

electrode was rinsed in 5 N nitric acid.

In the cell, the current path is along the axis of the cell, and because of solution

resistance, only a portion of the working electrode participates in the oxidation. When the

working electrode is oxidized in the cell, lead dioxide forms from the tip to a location about

0.5-cm further away from the counter electrode. Therefore, this is the area which is active

during electrolysis, while the remaining portion passes very little current.

The counter electrode consisted of a platinum wire welded to the Inconel 600 sheath

of an ungrounded thermocouple. Placement of the thermocouple in the flowing stream was

necessary to achieve accurate and stable temperature control. Since the counter electrode

was the reducing electrode in these experiments, there was minimal corrosion of the

thermocouple sheath during the project.

For cyclic voltammetry, a lead electrode (0.15-cm dia.) sealed in glass was used. A

silver wire electrode was inserted into the heated portion of tie txll as a reference electrode,
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and a counter electrode was added downstream. Details of this procedure have been

discussed previously. 8

Procedure. The electrolyte vessel was filled with 290 ml of 0.2 M NaHSO 4

solution saturated with benzene at room temperature. During long experiments, a second

electrolyte vessel could be filled and exchanged with the first one with only a brief

interruption of the electrolysis. The saturator was filled with 300 ml of benzene and 700 ml

of 0.2 M NaHSO4 solution. The NaHSO 4 was reagent grade and the benzene was

spectroscopic grade. Both chemicals were used as received. All water was purified with a

Millipore, Milli-Q reagent water system.

In preparation for experiments with the feed benzene concentration higher than the

25'C saturation value, the saturator was heated to the desired temperature, and the contents

mixed to saturate the aqueous phase. The phases were then allowed to separate before

filling the cell. The flow of electrolyte into the saturator was small compared to the

saturator volume, so benzene in the feed was not diluted during an experimental run.

The feed pump was set to the desired flow rate, and the outlet valve was adjusted to

give the desired back pressure. Because of the low flow rate, 1.3 to 1.4 mIl/min, the outlet

valve had to be operated very near shutoff where its performance was not consistent. The

system pressure had to be continually monitored, and the outlet valve adjusted. Any

system pressure that was at least 7 bar above the solution saturation pressure and relatively

stable was considered acceptable. After the cell had been flushed with a few volumes of

solution, the effluent was analyzed to insure that the feed contained no impurities that

would interfere with the measurement benzoquinone or maleic acid.

All experiments were done at constant current. This made calculation of current

efficiency possible without the use of a coulometer. The narrow current path between the

two electrodes gives rise to a large cell resistance, so that constant voltage experiments

would have little meaang. h..e cell potential was monitored during the electrolysis and
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was relatively constant at any particular set of conditions. A value of 7.5 volts was typical

at 25'C while it dropped to about 6 volts at 250C due to lower solution resistance.

The temperature of the solution at the working electrode was maintained with an

Autoclave Engineers (Erie, PA) proportional-integral temperature controller (Model 520).

The temperatures at the preheater, endblock heater, and transfer line heater, were monitored

with thermocouples and controlled with Powerstat variable transformers. In experiments

conducted with the saturator at room temperature, the preheater was adjusted to between

100 and 25'C below the desired electrolysis temperature, and the endblock heater

approximately 25'C below the preheater. This minimized the heat load in the reaction zone,

and helped stabilize the temperature at the working electrode. In experiments conducted

with the saturator heated, the heaters between the saturator and the reaction zone were

adjusted to temperatures between that of the saturator and the cell.

After all of the experimental parameters had been set, the system was given time to

reach eauilibrium. Three samples were collected to determine the reaction products, 1) a

small liquid sample for immediate analysis of benzoquinone and maleic acid, 2) a timed

liquid sample, frozen in a dry ice - isopropyl alcohol bath for determination of benzene

concentration and verification of flow rate, and 3) a timed gas sample for determination of

CO2.

The operation of the saturator was tested by using it to measure the solubility of

benzene in pure water. The results are compared with the measurements of Tsonopoulos

and Wilson in Figure 416. The average deviation between these measurements and the

literature values is 20%. This confirmed that the saturator was mixing the aqueous and

organic phases well without entrainment of benzene in the feed.

Analysis. The concentrations of the soluble liquid products were measured using a

high-pressure liquid chromatograph (HPLC) with a C-18 stationary phase and a variable

wavelength detector. Tertiary butyl ammonium hydroxide was aduect to the mobile phase

to ion pair with the maleic acid.

L m mi11105!11i 6 110
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Benzene concentration in the reactor effluent was also determined by HPLC. A

volume of 5.0 ml of methanol was added to the frozen samples before bringing them to

room temperature. The use of methanol induces total miscibility, and lowers the partial

pressure of benzene above the solution, which limits the loss of benzene during handling.

The added methanol contained 1.96 mM nitrobenzene, which served as an internal

standard. The concentrations of benzene and nitrobenzene in the mixed sample were

determined. From these data, the volume and concentration of benzene in the original

frozen sample were calculated. Since the samples were timed, the sample volume could be

used to calibrate the flow rate of the feed pump.

Analysis of carbon dioxide proved difficult because much of the carbon dioxide

was dissolved in the liquid effluent. The chosen procedure is as follows. The samples

were collected in inverted, 25 ml, graduated centrifuge tubes. The displaced liquid was

2.12 M NaHSO 4, which is sufficiently dense so that all liquid and gas from the reactor

were collected. The tubes were capped with a rubber septum, inverted and stored. The

duration of sample collection was set so that the sample tube contained an equal volume of

liquid effluent and the original 2.12 M NaHSO 4 solution. After mixing, the liquid in the

sample tube was a 1.22 M solution of NaHSO 4 . The solubility of carbon dioxide in this

liquid is known to be 0.5 ml/ri. 17 After allowing the gas and liquid to ieach equilibrium,

the amount of C02 in the gas phase was determined by gas chromatography, and the total

amount of CO2 in the sample was calculated from Henry's Law.

Results and Discussion

Feed saturated at room temperature. The the amounts of benzoquinone, maleic

acid, and carbon dioxide generated by oxidation of benzene on a lead electrode at various

temperatures are shown in Figure 5. These are data from a single days run with feed

saturated at 25*C. The benzene concentration in the feed was 8.5 rM. The data presented

in this figure, as well as results from other days are given in Table 1.
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There is some variability in the amount of product produced on the different days.

These runs were made with different electrodes. Though every effort was made to

construct identical electrodes, the amount of benzoquinone and maleic acid produced at 25

'C varied between electrodes. In examining the variation in yield of these partial oxidation

products with changing temperature, there were definite trends in all sets of data, and it is

from these trends that conclusions may be made.

The production of benzoquinone was always highest at 25'C. There was a steady

decline up to about 150'C, after which the amount levels off at a minimal value. Clarke et S

alI postulate that the oxidation of benzene to benzoquinone proceeds through a chemical

reaction between benzene and lead dioxide. In addition, Clarke et al propose that the other

oxidation products are produced when benzene is attacked by some type of oxygen radical

on the electrode. Wabner and Grambow have found that relatively high concentrations of

hydroxyl radicals (OH-) are formed during oxygen evolution at a lead dioxide electrode, 18

so OH. is probably the reactive species called for in the Clarke model. Since lead dioxide is

known to decompose in air when heated above 3001C, 19 this model may explain the

decrease in benzoquinone formation with increasing temperature.

A series of cyclic voltammograms was made to study lead dioxide formation in

solution as a function of temperature. There are two electrochemical reactions that take

place as the potential is scanned positive. The surface of the electrode is converted to lead

dioxide:

PbSO 4 + 211 20 PbO2 + S042- + 4H + + 2e-

and water is oxidized to oxygen:

2H20 02 + 4H + + 4e-

As can be seen in Figure 6, at 25'C, the surface oxidation forms a distinct wave at

about 2.0 volts where the rate of oxygen evolution is small. Therefore, benzene oxidized at

this temperature will encounter Pb2 on the electrode surface. At 1000 and 200*C, the
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surface oxidation wave moves very far positive and merges into the oxygen evolution

current. This is a result of PbO2 decomposition through the following reaction:

PbO2 + S0 4
2 - + 2H+ "--> PbS0 4 + 1/202 + H2 0

The reaction is very slow at 25'C, but becomes important at higher temperatures.

Since the PbO 2 is continually breaking down, the surface oxidation reaction must be driven

at a faster rate (i.e. more positive potential) to cover most of the surface with PbO2 and

produce a "peak" in the voltammogram. The implication of this with regard to benzene

oxidation is that at high temperature, the electrode surface is not completely covered by lead

dioxide. Therefore there is less PbO2 available for the production of benzoquinone, while

the other reactions involving oxygen species adsorbed on the electrode surface continue.

Upon cooling, the electrode regains most of its selectivity toward benzoquinone, as

shown in Table 1. It is not known why the activity of the electrode is not completely

restored at lower temperature, but the formation of a film over part of the electrode is

considered likely.

The generation of maleic acid from benzene is enhanced by increasing the

temperature above 25 'C. The maximum yield of maleic acid occurs around 100'C. A

further increase in temperature lowers the yield until a minimum is reached asymptotically

at 200"C. The formation of maleic acid involves breaking the aromadc ring which stabilizes

benzene. A considerable amount of activation energy must be supplied for oxygen on the

electrode to break the ring. This accounts for the region of increasing maleic acid formation

with increasing temperature. At higher temperatures, total oxidation to carbon dioxide

becomes fast, and the amount of maleic a-.id produced drops.

There is no discussion in the literature as to why maleic acid should be the major

significant product, and others, e.g. phenol, are almost absent. The carboxylic acid groups

could be oxidized under the conditions necessary to break open the ring. A possible

justification for the lack of further oxidation of maleic acid is that this species is less

strongly held than benzene, benzoquinone (or other aromatics) on the electrode surface and

rh 0 1



desorL _. At temperatures above 100'C, the oxidation rate of organic molecules near the

surface becomes fast enough to overcome this rapid desorption, and the net production of

maleic acid drops.

As stated above, the measurement of carbon dioxide was the most difficult of the

analyses to perform. The analysis was necessary in order to establish a current efficiency

for the consumption of benzene. As can be seen in Table 1, this current efficiency was

always above 42%, indicating that benzene oxidation was always one of the major

electrode reactions in the experiments. Table 1 also shows individual current efficiencies

for the production of benzoquinone and maleic acid and reemphasizes the effect of

temperature on their formation.

Though there is significant uncertainty in some of the carbon dioxide

measurements, a general trend can be seen in the data of Figure 5 and Table 1. Carbon

dioxide production rises with increasing temperature. This fits the hypothesis presented for

the behavior of maleic acid with temperature, and the knowledge that high temperature

should favor complete oxidation of benzene.

Feed saturated at high temperature. Successful operation of the apparatus with the

saturator at high temperature proved to be very difficult. The solution in the saturator

becomes much more compressible when heated. This made it much harder to adjust the

outlet valve to maintain the system at a stable flow rate, which was necessary for the

electrochemical processes to reach steady-state. Still sufficient data were obtained to

conclude that with the electrode at high temperature, increasing the benzene concentration

of the feed did not increase the production of benzoquinone. Figure 7 compares the results

of runs using feed saturated with benzene at 25'C with runs that used feed saturated at

higher temperatures. In both cases, with the cell at 1400 C and at 2000 C, the amount of

benzoquinone produced drops slightly at the higher benzene concentration, though at 2000C

the change is of the order of the accuracy of the measurement. The reason for this drop is
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not known, but it is clear that increasing the benzene concentration does not increase

benzoquinone yield at high temperature.

Apparently, at 140'C and above, the electrode character has changed so that the

reaction products are not dependent on benzene concentration. The cyclic voltammetry

shows that PbO2 is unstable at these temperatures, so the predominant reaction mechanism

would be direct attack of benzene by oxygen radicals on the electrode surface. It was

hoped that high benzene concentrations would saturate the electrode surface and limit the

degree of oxidation so that more benzoquinone would be produced, but this is not the case.

Biphenyl. A series of preliminary experiments were performed with a two-phase

flow of benzene and water. The benzene layer was analyzed by gas chromatography (GC),

and a peak with higher molecular weight than benzene was noted. The peak was identified

as biphenyl using GC/mass spectrometry. An analytical procedure for determination of

biphenyl in aqueous or organic solutions using HPLC was then established.

A series of experiments was performed to determine what conditions were

necessary for the formation of biphenyl and a possible mechanism for the reaction. A

summary of the results is given in Table 2. It is apparent from the data that the reaction

does not proceed below 2000 C. The other important point is that the reaction is not

electrochemical, but involves oxygen in solution. Based on this, the following reaction is

proposed:

2 C6 H6 + 1/2 02 "' C12H10 + H20

The reaction may take place in solution, or may be catalyzed by the alumina walls of

the cell. No products of higher molecular weight, such as terphenyl were found. Since

this project was primarily concerned with electrochemical reactions, there was no further

investigation of this reaction.
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Conclusions

As temperature is increased, PbO2 decreases its selectivity toward partial oxidation

of benzene. The first stage oxidation product, benzoquinone, is most efficiently produced

at 25'C. Current efficiencies from 6 to 10% were found at 25'C, under the conditions

described in this study. Higher efficiencies have been reported previously,1 but the

electrochemical cells, and experimental conditions used were not suitable for high

temperature work.

Production of maleic acid, the second major product from the oxidation of benzene,

is enhanced by increasing the cell temperature above ambient. In the range 80' to 100'C,

current efficiency for the production of maleic acid averaged 40%, versus 25% at 25 'C.

Increasing the cell temperature above 100'C causes a drop in the amount of maleic acid

recovered, as the rate of oxidation to CO2 proceeds more quickly.

At higher temperatures, 1400 to 2500C, the oxidation of benzene on a lead dioxid.

electrode proceeds rapidly to CO2 . Only small amounts of benzoquinone and maleic acid

are recovered in the liquid products. Increasing the concentration of benzene in the feed,

by saturating the feed at higher temperatures, did not enhance, and may have been

detrimental to, the formation of benzoquinone and maleic acid. At ambient temperature, the

oxidation of benzene to benzoquinone is strongly dependent on benzene concentration, 1 but

at high temperature, the effect of increased benzene concentration is more than offset by the

reduction in electrode selectivity.

In addition to the electrochemical reactions studied, a non-electrochemical reaction

was discovered. At 200'C and above, in the presence of oxygen, benzene is coupled to

produce biphenyl. The proposed mechanism is a partial oxidation of benzene to produce

biphenyl and water. No higher molecular weight products such as terphenyl were

identified, but since these are practically insoluble in aqueous solution, it is unknown

whether any are formed.
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Though operation at high temperature was found to be detrimental to the yield of

benzoquinone from benzene oxidation, the electrochemical equipment described here can be

used to study a wide range of high temperature aqueous processes, both electrochemically

induced or monitored. The potential of chemical syntheses involving high concentrations

of non-polar organics in water has received little attention, and holds much promise for

future discoveries.
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Figures

Figure 1 Oxidation reactions of benzene on a lead dioxide electrode. Adapted from Ito et
a1. 3

Figure 2: Diagram of high-temperature cell for electrosynthesis: (A) 1/4-in.-o.d. alumina

tube; (B) Hastelloy Alloy C endblock; (C) 316 SS Swagelok fittings; (D) Pb

working electrode; (E) Pt counter electrode and type K thermocouple; (F) main

cell heater (nichrome wire coil); (G) pre-heater (nichrome wire coil); (H)

endblock heater (cartridge heater).

Figure 3: Schematic of apparatus for high-temperature, high-pressure electrosynthesis.

Figure 4: Solubility of benzene in water versus temperature. Data obtained with this

apparatus are compared to the empirical relation derived by Tsonopoulos and

Wilson. 16

Figure 5: Products from the oxidation of benzene at various temperatures on lead dioxide.

Feed: 0.2 M NaHSO4 saturated with benzene at 25*C (8.5 mM benzene). Flow

rate = 1.3 ml/min. Current = 10 mA.

Figure 6 Cyclic voltammograms of a lead electrode in 0.2 M NaHSO4. Electrode area =

1.8 X 10- 2 cm2 . Scan rate = 1 V/s.
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Figure 7: Effect of benzene concentration and temperature on product distribution from

oxidation on lead dioxide. Feed: 0.2 M NaHSO4. Flow rate = 1.3 ml/min.

Current = 10 mA.
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